Objectives-To examine whether higher concentrations of magnesium in drinking water supplies are associated with lower mortality from acute myocardial infarction at a small area geographical level; to examine if the association is modified by age, sex, and socioeconomic deprivation. Design-Small area geographical study using 13 794 census enumeration districts. Water constituent concentrations (magnesium, calcium, fluoride, lead) measured at water supply zone and assigned to enumeration districts. Setting-305 water supply zones in north west England. When adjusted for north-south and eastwest trends in mortality from acute myocardial infarction and for drinking water calcium, fluoride, and lead concentrations, this relative risk was 1.01 (95% CI 0.96 to 1.06). There was no evidence of a protective eVect for acute myocardial infarction even among age, sex, and deprivation groups that were likely to be relatively magnesium deficient. For ischaemic heart disease mortality there was an apparent protective eVect of magnesium and calcium (with calcium predominating in the joint model), but these were no longer significant when the geographical trends were incorporated.
The apparent protective eVect of hard drinking water on mortality from ischaemic heart disease has been the focus of much research but it is not clear as to which factor is responsible. A strong claim has been made for magnesium as the key water factor. [1] [2] [3] Several epidemiological studies have reported significant inverse associations between drinking water magnesium concentrations and mortality from ischaemic heart disease, 4-10 but others have not. [11] [12] [13] Seven of these studies examined the association at the geographical (ecological) level 5-8 11-13 and three examined it at the individual level. 4 9 10 Many of these studies were, however, limited by methodological issues, particularly inadequate exposure measurement and lack of adjustment for measurement error and potential confounders.
The case for magnesium has been argued as being biologically plausible. [1] [2] [3] [4] Magnesium deficiency has been shown to predispose to cardiac arrhythmias through a variety of mechanisms. [14] [15] [16] In experimentally induced myocardial infarcts, magnesium infusion has been shown to limit infarct size. 17 Postmortem studies of people who died suddenly from ischaemic heart disease have found significantly lower magnesium concentrations in uninfarcted heart muscle, compared with concentrations in heart muscle from people who died from other causes. 18 19 The biological evidence suggests that magnesium should protect against death from acute myocardial infarction rather than reduce the incidence of the condition. However, clinical trial evidence for intravenous magnesium as a therapeutic intervention following acute myocardial infarction is controversial. Small scale trials suggested that this intervention was eVective, 20 21 but a large multicentre randomised controlled trial failed to show any benefit. 22 The dose of magnesium from drinking water is substantially less than that used in therapeutic interventions. Furthermore, over 90% of oral intake of magnesium comes from food. 3 However, it has been argued that bioavailability of magnesium in water is greater and may make a significant contribution in people who are relatively magnesium deficient. 1 2 4 In the UK, average daily magnesium intake by adults is 323 mg for men and 237 mg for women. 23 Intake is related to social class, declining from 342 mg in social classes I and II to 299 mg in social classes IV and V for men, and from 261 mg to 207 mg, respectively, for women. Reference nutrient intakes are 300 mg per day and 270 mg per day for men and women, respectively. 24 Thus, if magnesium from drinking water does have a protective eVect, it ought to be apparent among socioeconomically deprived people, especially women. However, no study has examined this issue in detail.
Changes in legislation in the UK which restricted drinking water supply zones to populations under 50 000, and which required regular monitoring of water constituents in these zones, gave us the opportunity to study the association between magnesium in drinking water supplies and mortality from acute myocardial infarction at a fine geographical scale. We planned to adjust for possible confounding factors, examine the eVect of measurement error, and see if the eVects of drinking water magnesium concentrations on mortality from acute myocardial infarction varied with age, sex, and socioeconomic deprivation.
Methods
A small area geographical study was carried out in the region supplied by a water company serving a population of approximately seven million people in north west England. The region was divided into 305 water supply zones, with an average population of 23 000 per water zone. There were 13 794 enumeration districts in the study region. Water zone digital boundaries were overlaid on enumeration districts using a geographical information system (ArcInfo). Magnesium concentrations in each water zone were routinely measured on domestic tap water samples taken from diVerent sites. The magnesium concentration for a water zone was assigned to each enumeration district within that water zone. For enumeration districts that crossed water zone boundaries, the magnesium concentration assigned was that from the water zone which contained the population centroid for the enumeration district.
Deaths from acute myocardial infarction (International Classification of Diseases, ninth revision (ICD-9) 410) in 1990-92 among people aged 45 years or more were the main outcome of interest. In a subsidiary analysis, because of the possibility of misclassification, deaths from ischaemic heart disease (ICD 410-414) were also examined. 1991 enumeration district level population data adjusted for underenumeration were used as denominators. 25 Potential confounders taken into account at the enumeration district level in the analysis were age, sex, and socioeconomic deprivation. Carstairs score was used as an index of socioeconomic deprivation. This has previously been shown to predict mortality at the small area level. 26 The score is a standardised combination of four variables from the 1991 census: per cent persons with no car; per cent persons in overcrowded housing; per cent persons with household head in social class IV or V; and per cent men unemployed. In addition, potential confounding caused by calcium, fluoride, and lead in drinking water, also measured at the water zone level, was examined. Calcium was included because it is one of the main determinants of water hardness, fluoride because of a reported association with heart disease mortality, 9 and lead because of its possible association with cardiovascular disease 27 28 and the substantial number of houses in parts of the study region with lead pipes. Geographical gradients in heart disease were adjusted for using a linear gradient in the grid coordinates (eastings and northings) of enumeration district population centroids. These gradients may be related to geographical gradients in temperature and other factors that could possibly confound the association between magnesium and heart disease.
STATISTICAL ANALYSIS
On the original scale there were a number of extreme values of the water variables. Such values may lead to non-robust inferences and so the data on water variables were log transformed. Random eVects modelling was carried out to quantify within zone and between zone variation in the four water variables. For each variable, a mean score was derived for each water zone by averaging within that zone the log values for 1990-92. Correlation coeYcients were calculated between each pair of water variables at the water zone level.
Statistical modelling was carried out using log linear Poisson regression with water zone as the unit of analysis, with adjustment for confounders at the level of enumeration district. SAS and Splus were used to carry out the statistical analyses. In the main analysis, we used expected numbers, standardised for age (five year age bands), sex, and Carstairs deprivation quintiles, as the denominator (oVset), with correction for extra Poisson variability (overdispersion). We fitted a series of models to examine the eVects of the four water variables separately and in various combinations. These variables and the eastings and northings for enumeration district population centroids were entered as continuous variables. Results are presented from models which included each of the four variables separately and from the model which included all four variables together. We then carried out further analyses to see if the eVect of magnesium on mortality from acute myocardial infarction varied by age, sex, and socioeconomic deprivation. For these, we used population numbers as the oVset, entered age and Carstairs quintiles as categorical variables, log of magnesium as a continuous variable, and analysed data for men and women separately.
Results
There were 1 124 623 men and 1 372 036 women aged 45 years or more in the study region in 1991. A total of 21 339 men and 17 883 women died from acute myocardial infarction, and 33 964 men and 30 262 women died from ischaemic heart disease in 1990-92.
Magnesium, calcium, fluoride, and lead concentrations in drinking water are shown in table 1. The geographical variation in magnesium concentrations is shown in fig 1. Drinking water magnesium concentrations in water zones ranged from 2 mg/l to 111 mg/l. For magnesium, 24% of variation was within zone and 76% was between zone. Within zone variation accounted for 20%, 38%, and 81% of total variation for calcium, fluoride, and lead, respectively. The correlation between magnesium and calcium concentrations was 0.87. Less strong correlations were observed between magnesium and fluoride (0.38) and calcium and fluoride (0.31). Magnesium and calcium were inversely correlated with northings (−0.12 and −0.27, respectively) and eastings (−0.36 and −0.30, respectively), indicating a trend for harder water in the south west of the region.
The results of the main Poisson regression analyses are shown in table 2. The relative risk of mortality from acute myocardial infarction (standardised for age, sex, and Carstairs deprivation quintile) for a quadrupling of magnesium concentration in drinking water was 1.01 (95% confidence interval (CI) 0.99 to 1.03). When adjusted for geographical gradients in mortality from acute myocardial infarction and for drinking water calcium, fluoride and lead concentrations, this relative risk remained 1.01 (95% CI 0.96 to 1.06), but interpretation was complicated by the high correlation between calcium and magnesium. Calcium and fluoride appeared to have no significant association with mortality from acute myocardial infarction. There was a marginally significant inverse association with lead after adjustment for geographical gradients.
We also analysed data for each of the three years separately but found no consistent pattern for any of the water variables (not shown). Detailed statistical analysis of a subset of the data showed that adjustment for measurement error in the water variables and spatial structure of the data made little diVerence to the observed results (presented in a separate statistical paper on methodology). 29 For ischaemic heart disease mortality, standardised for age, sex, and deprivation quintile, there was an apparent protective eVect of magnesium and calcium (with calcium predominating in the joint model). However, these were Results from Poisson regression analyses with expected numbers standardised for age, sex, and Carstairs deprivation quintile. CIs are adjusted with overdispersion parameters (1.6 for acute myocardial infarction and 1.9 for ischaemic heart disease).
no longer significant when geographical trends in ischaemic heart disease mortality were taken into account (table 2) . Figure 2 shows the eVect of magnesium on acute myocardial infarction mortality by sex and deprivation category. There was no evidence of a protective eVect of magnesium even among women living in socioeconomically deprived areas. Figure 3 shows the eVect of magnesium on acute myocardial infarction mortality in diVerent age groups. Even among retired people, whose drinking water magnesium intake might be more accurately reflected by water supply levels to their place of residence than people of working age, there was no clear evidence of a protective eVect of magnesium.
Discussion
We found no evidence to support an association between magnesium concentrations in drinking water supplies and mortality from acute myocardial infarction in north west England. We also found no association between ischaemic heart disease mortality and magnesium concentrations once confounding and geographical factors had been taken into account.
Our results do not appear to be consistent with four geographical level [5] [6] [7] [8] and three individual level 4 9 10 epidemiological studies that found inverse associations between magnesium in drinking water and heart disease mortality. These studies were carried out in Sweden, Finland, USA, Canada, and South Africa. However, two large geographical studies that found no evidence to support this association were both carried out in the UK. 11 12 It is possible that in countries with low concentrations of magnesium in the drinking water there is no protective eVect. However, the range of exposures in our study was similar to that in several studies reporting inverse associations, including studies in Sweden and Finland in which drinking water magnesium concentrations ranged from 1.3-20 mg/l, 0-15 mg/l, and 0.6-27.8 mg/l, respectively. 4 8 10 Mean and median concentrations in a large study in the USA were likewise comparable at 9.8 and 6.2 mg/l, respectively. 5 It is possible that magnesium has differential eVects in diVerent parts of the world because of diVerences in underlying risk or because co-factors need to be present for it to exert a protective eVect. Canada and the USA have lower mortality rates from acute myocardial infarction compared with England, but Sweden and Finland have similar or higher rates, so there are no consistent patterns in relation to underlying heart disease mortality risk. 30 Another possible explanation is that magnesium is only likely to have an eVect in countries where dietary intake of magnesium is relatively low. However, studies suggest that 24 hour urinary magnesium excretion, an indirect indicator of magnesium intake in the steady state, in the UK is similar to that in Finland, Canada, and the USA. 31 The contribution of drinking water magnesium to overall magnesium intake is generally about 10%. 3 Survey results suggest that the average intake of liquid in England and Wales is 1.6 litres per day, of which 73% is from tap water. 32 For a drinking water magnesium content of 20 mg/l, the intake from tap water would be 23 mg per day, constituting on average about 7% of oral magnesium intake for men and 10% for women in the UK. It has been argued that bioavailability of magnesium is greater from water than from food, and experiments suggest that up to 40-50% of waterborne magnesium may be absorbed compared with 33% from food. 1 This should increase the relative importance of waterborne magnesium, particularly for people whose diets are relatively deficient in magnesium. However, even among women living in socioeconomically deprived areas, who tend to have a low dietary magnesium intake, we found no evidence of a protective eVect in relation to acute myocardial infarction mortality. A postmortem study based on small numbers suggested that myocardial magnesium concentrations were higher in areas supplied with hard water compared with areas with soft water supplies, 33 but other studies have failed to replicate this finding. [34] [35] [36] We examined heart disease mortality in relation to concurrent drinking water magnesium concentrations but this is unlikely to have introduced substantial error as intracellular concentrations of magnesium change within a few weeks of changes in oral intake of magnesium. [37] [38] [39] Errors in exposure measurement can attenuate true underlying associations, but even when this was taken into account using multilevel statistical models we found no evidence of a significant protective eVect. 29 As ours is an ecological study, the possibility of ecological bias cannot be ruled out-that is, the association observed at the area level is diVerent from that which exists at the individual level-and may explain the anomalous finding between lead concentrations and heart disease. If within zone variation accounted for most of the variation in water constituents, it would have been diYcult to detect any association with heart disease mortality. However, this was not an important limitation to our study as a substantial amount of the variation in magnesium was between zones. Drinking water magnesium intake might have been misclassified among working people, as a significant amount of water consumption might have been at the workplace while exposure was classified on the basis of their place of residence. However, even among the population over retirement age, there was little evidence in support of a protective eVect.
Several of the ecological studies finding inverse associations between magnesium in drinking water and heart disease mortality carried out simple parametric or non-parametric correlations and did not adjust for any confounders. [5] [6] [7] [8] Cohort and case control studies did not adjust for possible socioeconomic confounding. 4 9 10 In addition, none of the studies adjusted for general geographical trends in heart disease mortality. These trends, which may be related to gradients in temperature, socioeconomic conditions, and other factors, may have confounded reported associations between magnesium and heart disease mortality.
Another important diVerence between our study and previous geographical studies on magnesium and heart disease mortality is that we examined data on a fine areal scale, with total water zone populations not exceeding 50 000. With regard to water hardness, whether or not an inverse association is found appears to be linked to the geographical scale on which the study is carried out. Studies based on large geographic areas-for example, counties-were usually able to show an inverse association, but this was not generally the case for studies based on small geographical areasfor example, areas within cities. 40 Studies based on large areas are usually unable to adjust adequately for socioeconomic confounding.
While we did detect a marginally significant inverse association of both magnesium and calcium concentrations and ischaemic heart disease mortality, these did not persist once adjustment was made for geographical trends. Such adjustments for geographical gradients, however, need to be interpreted cautiously as they might result in over fitting statistical models and spuriously removing eVects. Nevertheless, our findings and the limitations of previously published studies raise questions about the epidemiological basis for magnesium as the key water factor.
Our study has addressed several of the limitations inherent in previous studies and is one of the most detailed ecological studies to date on the subject, carried out at the small area scale. We have taken into account a range of potential confounders including socioeconomic deprivation, age, sex, other water constituents, and general geographical trends in heart disease mortality, and examined the eVect of measurement error on the results. In addition, we specifically examined the association between drinking water magnesium concentrations and acute myocardial infarction mortality in population subgroups in whom any protective eVect might be most apparent.
In conclusion, our results do not support the hypothesis that magnesium is the key water factor in relation to mortality from heart disease. Further studies only appear indicated if they can provide substantially improved exposure information, preferably with long term follow up at the individual level.
